OBJECTIVES
The general objective of this project is to provide the needed fundamental understanding of three-phase slurry reactors in Fischer-Tropsch (F-T) liquid fuel synthesis. The other main goal is to develop a computational capability for predicting the transport and processing of three-phase coal slurries. The specific objectives are:
To develop a thermodynamically consistent rate-dependent anisotropic model for multiphase slurry flows with and without chemical reaction for application to coal liquefaction. Also to establish the material parameters of the model. To provide experimental data for phasic fluctuation and mean velocities, as well as the solid volume fraction in the shear flow devices.
To develop an accurate computational capability incorporating the new rate-dependent and anisotropic model for analyzing reacting and nonreacting slurry flows, and to solve a number of technologically important problems related to Fischer-Tropsch (F-T) liquid fuel production processes.
To verify the validity of the developed model by comparing the predicted results with the performed and the available experimental data under idealized conditions.
SIGNIFICANCE TO FOSSIL ENERGY PROGRAM
Converting coal to liquid hydrocarbon fuel by direct and indirect liquefaction processes has been of great concern to the development of coal-based energy systems. While the direct hydrogenation has been quite successful and was further developed in various forms, use of slurry phase Fischer-Tropsch (F-T) processing is considered a potentially more economical scheme to convert synthesis gas into liquid fuels. Slurry transport and processing and pneumatic transport of particles play a critical role in the operation, efficiency, safety and maintenance of these advanced coal liquefaction and coal-based liquid fuel production systems. Therefore, a fundamental understanding of reacting coal slurries will have a significant impact on the future of environmentally acceptable liquid fuel generation from coal.
Particle-particle and particle-gas/liquid interactions strongly affect the performance of three-phase slurry reactors used in coal conversion processes and are crucial to the further development of coal-based synthetic hydrocarbon fuel production systems. The scientific knowledge base for these processes, however, is in its infancy. Therefore, most current techniques were developed on an ad hoc and trial and error basis. This project is concerned with for providing the needed fundamental understanding of the dynamics of chemically active slurries and three-phase mixtures. In particular, a computational model for predicting the behavior of dense mixtures in coal liquefaction and liquid fuel production equipment will be developed.
PROGRESS REPORT

GENERAL
Progress was made in various aspect of the research project. The highlight of the accomplishment is first summarized. This is followed by a description of the progress made.
HIGHLIGHT OF ACCOMPLISHMENTS
A computational model for two-phase flow was developed and the flows in horizontal and inclined ducts were analyzed. The results were compared with the available experimental data and earlier model predictions and good agreements were observed. A computational model for analyzing two-phase solid-liquid flows at various loading was also developed and was used to predict flow parameters down an inclined chute.
An Eulerian-Largrangian approach for analyzing three-phase slurry flows in a bubble column is being formulated. The plan is to use an Eulerian analysis of gas liquid flows in the bubble column, and make use the Lagrangian particle tracking procedure to study the particle flows.
Progress was made in developing rate dependent thermodynamically consistent models for slurry flows. The new model includes the effect of phasic interactions and appears to lead to anisotropic effective stress tensor. Progress was also made in measuring concentration and velocity of particles of different sizes near a wall in a duct flow. Formulation of a thermodynamically consistent model for chemical active multiphase turbulent flows is also initiated.
TWO-PHASE FLOWS IN HORIZONTAL AND INCLINED DUCTS
Using the earlier developed thermodynamically consistent model, a computational procedure for solving dense and dilute two-phase flows in ducts at various angle was developed. Figure 1 shows the configuration of the flow domain. The computational model predictions for mean flow and particle velocities, and phasic turbulence intensities were compared with the experimental data of Tsuji et al. (1989) for a horizontal duct flow. In addition, the variations of phasic shear and normal stresses, as well as the phasic fluctuation energy production and dissipation were also evaluated. Using a Laser-Doppler Velocimeter (LDV), Tsuji et al. (1989) reported measurements of the phasic flow properties in a fully developed, two-phase turbulent flow in a horizontal channel with a height of 25 mm. In their experiments, polystyrene spheres with density of 1038 kg/m 3 and an average diameter of 1.1 mm were used. A restitution coefficients of r = 0.93 for particle-particle collisions, and a coefficient of dynamic friction = 0.28 between a particle and the wall were used in the present study. These values are identical to those reported by Tsuji et al. (1989) .
The phasic mean velocities, turbulence intensities and solid volume fraction profiles for a mass loading of m = 1 of 1.1-mm polystyrene spheres are shown in Figure 2 . In this case, the channel mean velocity was = 7 m/s. Figure 1a shows that the mean particulate velocity has a nearly uniform distribution and is generally smaller than the fluid mean velocity. The fluid velocity develops an asymmetric distribution with the peak velocity drifting to above the centerline. This is because the particle drag retardation of the fluid phase is larger near the lower wall due to higher concentration there. Figure 2a shows that the predicted fluid phase velocity is in good agreement with the experimental data while the particulate phase mean velocity is somewhat underestimated. Figure 2c clearly shows the strong segregation of particles toward the bottom wall. Clearly the gravity causes the heavier solid particles to migrate toward the lower wall of the horizontal channel. The experimental data for solid volume fraction, as reported by Tsuji et al. (1989) , is reproduced in Figure 2c for comparison. It is observed that the agreement of the model predictions with the experimental data is quite good. Figure 3 presents the model predictions for a gas-particle two-phase flow in a horizontal channel with a loading of m=3, an average solid fraction ν a = 0.0062 and a comparison with the corresponding experimental data of Tsuji et al. (1989) . The rest of the parameters used in this simulation are kept the same as those used in Figure 2 . Figure 3a shows the variation of phasic mean velocity profiles. It is observed that the particulate phasic mean velocity is almost constant across the channel and is about one half of the fluid mean velocity. Fluid mean velocity has an asymmetric profile with a peak in the upper part of the duct. Comparing Figures 3 and 2 , it is observed that as loading, m, increases from 1 to 3, the particulate mean velocity remains nearly unchanged. The mean fluid velocity profile also has the same trend of variation, while the location of the peak mean velocity is drifted closer to the upper wall. As expected, the retardation effect of particle drag on the fluid phase increases with the increase of mass loading. Figure 3a also shows that the model predictions for the particulate mean velocity are in close agreement with the experimental data of Tsuji et al. (1989) . Unfortunately, the experimental data for the fluid velocity was not reported for additional comparison. The corresponding phasic fluctuation kinetic energy profile for m=3 (ν a = 0.08) is shown in Figure 3b . It is observed that, while the particulate fluctuation kinetic energy is uniform and remained nearly unchanged, the fluid fluctuation kinetic energy has now a highly asymmetric distribution. Comparing Figure 3b to 2b, it is found that as the mass loading ratio increases, the fluid fluctuation kinetic energy near the bottom wall decreases, while that near the upper wall of the channel is not affected significantly. This is because the local concentration of the particles is quite low near the upper wall even at the higher loading of m=3. The solid volume fraction profile plotted in Figure 3c shows that the particle concentration is extremely high near the bottom wall. Figure 3c also shows that there is a reasonable agreement between the model prediction for the particle concentration and the experimental data of Tsuji et al (1989) . For a gas-particle mixture conveyed in a horizontal channel with a mass loading ratio of m=1 (ν a = 0.0028), and the mean average air velocity of U=15 /s, the model predictions for solid volume fraction are shown in Figure 4 . There is a large particle concentration near the lower wall and the solid volume fraction decreases rapidly with increasing y/H (H being the height of the channel). The experimental data and the numerical simulation results of Tsuji et al. (1989) are also reproduced in this figure for comparison. Tsuji et al. (1989) used a Lagrangian trajectory analysis procedure for their particulate phase, which also allowed for collisional interactions. The present model prediction appears to be in good agreement with the simulation result of Tsuji et al. (1989) . But both model predictions deviate somewhat from the experimental data. As pointed by Tsuji et al. (1989) , this is mainly because the particles used in their experiment were not perfectly spherical. In fact, their experimental data showed that a small deviation of particle shapes from perfect spheres has a significant effect on the concentration profile. Comparison with the data and model of Tsuji et al. (1989) .
EULERIAN-LAGRANGIAN ANALYSIS OF BUBBLE COLUMN
A combined Eulerian-Lagrangian model for analyzing the flow condition in the bubble column is being developed. The FLUENT code is being used to evaluate the unsteady liquid-gas flows in the bubble column. Lagrangian particle tracking approach is then used to analyze the motion of particles. The preliminary results of this approach are described in this section. The height of the column is 1 m with a width of 20 cm. Air enters from 1-mm holes at the bottom of the column. Figure 5 shows the concentration contours in the column at 1.16 second after the startup. (The gravity points from right to left in this figure. ) The initial stages of air bubble formation are observed from this figure. The velocity vector field in the bubble column and the concentration contours at t = 1.16s are shown in Figure 6 . It is noticed that the formation of gas bubble leads to rather complex flow pattern in the column. Figure 7 shows the corresponding concentration contours and sample trajectories for 100 µm particles. It is observed that some particles paths ends up in the bubble, while some others pass through the gas bubbles. This depends on the relative velocity between the bubble and the particle. (Here the mean particle trajectories were analyzed using the frozen field approach.) Figure 7 . Concentration contours and sample particle trajectories in the bubble column at t = 1.16 s. Figure 8 shows the variation of the velocity vector field and the concentration contours at t = 9.3 s. The bubble column is nearly fully developed at this time and contains many large and small gas bubbles. Formation of several recirculating flow regions in the bottom of the vessel can be clearly seen from this figure. Sample mean trajectories for 100 µm particle are also shown in this figure for comparison. The mean particle trajectories form loops in the recirculating flow regions. Figure 9 shows the corresponding particle trajectories when the effect of turbulence dispersion is included in the analysis. It is observed that the turbulence fluctuation field causes the particle to significantly disperse. . Concentration contours and sample random particle trajectories in the bubble column at t = 9.3 s.
EXPERIMENTAL STUDY
The earlier research provided a significant level of understanding of the process of particulate transport and deposition processes in turbulent flows. Accordingly, particles are transported by the mean flow field and are dispersed by turbulent diffusion. Near the wall, particles are entrained in the coherent wall vortices, which are the dominant flow structure in the sublayer. The downflow region of the vortices transport the particles to the wall. We plan to provide experimental data for particle concentration profile and velocity characteristics in the near wall region of a turbulent channel flow. Measurements are to be made up to very short distances from the channel wall. The nonintrusive, technique of Phase-Doppler Anemometry will be used in the experimentation. The technique allows for the simultaneous measurement of particle size and velocity.
CHEMICALLY ACTIVE TWO-PHASE FLOWS
Progress is made in the formulation of a thermodynamically consistent model for chemically active multiphase flows. The equations governing the phasic conservation of mass and energy, as well as the balance of momentum and fluctuation energy are being derived. The appropriate form of the mean entropy inequality is being derived. The entropy equation will be used for formulating thermodynamically consistent constitutive equations for chemically active multi-phase mixtures in a turbulent state of motion in the bubble column.
PLANS FOR THE COMING YEAR
To complete the thermodynamical consistent and anisotropic model and extend the model to multiphase slurry flows in a bubble column. To evaluate the model parameters for the cases of practical interest to liquid fuel production from coal. To initiate simulating technologically important problems related to Fischer-Tropsch (F-T) liquid fuel production processes. To initiate the experimental measurements of the phasic properties in the simple shear flow device.
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